ABSTRACT: Density, population structure, mortality and growth of Lutjanus carponotatus on the Great Barrier Reef were compared on 2 spatial scales: between the Lizard and Palm Island groups and among 4 locations within the Palm group. The mean density at the Palm group was approximately 7 times that of the Lizard group. There were 2-fold differences in density within the Palm group, but strong statistical signals were not detected due to high variability in the data. Differences in size structures and asymptotic body sizes between the island groups were pronounced, and smaller differences were also evident within the Palm group. While age structures were similar among Palm group locations and lacked anomalous peaks, a series of strong cohorts at older age classes at the Lizard group suggests greater recruitment variability there during the past 2 decades. Variability in mortality did not increase with scale, as larger differences existed within the Palm group than between it and the Lizard group. The population traits estimated in this study were used in conjunction with reef area data to generate estimates of abundance and biomass, the values of which illustrate how multiple population traits interact to ultimately determine population size and reproductive potential. Multi-scale studies that examine a variety of aspects of population biology are rare for large reef fish, but are needed to identify which traits are likely to exhibit variation on which spatial scales.
INTRODUCTION
The dynamics of ecological systems are driven by processes that operate on a variety of spatial scales. The identification and integration of these scales has been called the 'central problem in ecology' (Levin 1992 (Levin , p. 1943 . Coral reef fish ecologists have been criticized for working at scales that are too small relative to the systems in which their focal species live, but broad understanding of spatial patterns will require compiling data sets for a variety of species on a variety of scales (Choat 1998) . Many reef fish species spend much of their lives in areas covering only a few meters, and studies working at these scales are not only appropriate but are necessary complements to larger-scale studies such as those investigating larval dispersal (Sale 1998) . As principles of reef fish ecology, established largely through work on small-bodied taxa, begin to be explored with respect to larger and more mobile taxa, the minimum spatial scales must increase. For larger species that move over larger areas, comparisons among inter-mixed benthic populations might require individual reefs to be the minimum spatial scale at which individuals share overlapping home ranges, resources and habitat. Even individual reefs might not be appropriate as a minimum spatial unit if the focal question involves comparisons of patterns in recruitment, which can be correlated at large spatial scales for marine fishes (Myers et al. 1997 ; but see Doherty 1987) . When possible, multi-scale studies will be preferable as they provide more informative insights into the generality of and variability in patterns and processes (Sale 1998) .
In addition to a multi-scale perspective, attention to aspects of population biology beyond measures of abundance can enable more comprehensive understanding of population dynamics (Jones 1991) . This has long been recognized in single-species reef fish studies, which often investigate demographic processes and aspects of population structure along with the abundance measures that typify community-level studies (Robertson 1998) . However, the majority of single-species studies examining spatial patterns in population structure and demographic processes have worked with small, site-attached species (e.g. Pitcher 1992 , Doherty & Fowler 1994 , Meekan et al. 2001 . In contrast, research on larger predators that are often the targets of coral reef fisheries typically report population parameters averaged across many locations, or at best make spatial comparisons on very broad scales (100s of km or more; . The relevance of ideas about how reef fish populations are structured, ideas that have been generated primarily by work on smaller species, can best be assessed for large reef fishes by increased attention to population traits of these taxa (Roberts 1996) on multiple spatial scales.
The present study examined population biology of the stripey bass Lutjanus carponotatus, a mid-sized snapper (maximum reported length of 40 cm; Randall et al. 1997) which is part of a complex of shallow-water lutjanids that are common predators on coral reefs of the Great Barrier Reef (GBR) system, as well as other regions of the Indo-west Pacific. Density, size structure, age structure, mortality and growth of L. carponotatus were compared among 4 locations within the Palm Island group on the central GBR. These same traits were also compared between the Palm Island group locations and the Lizard Island group on the northern GBR as a single location. Population densities were further compared among sites within each location and among reef zones within sites. Additionally, these data were used in conjunction with estimates of reef area to estimate abundance and biomass at each location in order to illustrate the combined effects of multiple aspects of population biology in determining overall population size and, therefore, reproductive potential as well.
MATERIALS AND METHODS
Study locations and spatial scales. In the Palm Island group, 4 locations were sampled: Pelorus Island, northern Orpheus Island, southern Orpheus Island and Fantome Island (Fig. 1) . These locations were compared with the Lizard Island group. Unlike the Palm Island group, the whole of the Lizard Island group is surrounded by a contiguous reef system and it is therefore considered as a single location (Fig. 1) . Although Lutjanus carponotatus is larger than most reef fishes, 2 markrecapture studies at the Lizard Island group suggest that its movements are quite restricted. Davies (1995) trapped fish on sand, reef and patch reef habitats on 7 occasions over a 22 mo period. Of 110 recapture events, 68% were at the point of release. Inter-habitat movements were primarily restricted to movements between proximal reef and patch reef habitats, with little movement to or across areas of open sand. Davies (1995) concluded that L. carponotatus movements are generally less than a few hundred meters, and that fish are highly unlikely to traverse the reef-sand boundary. Similarly, Hilomen (1997) trapped fish on different reef and sand habitats on 7 occasions over a 30 mo period. He found that areas from which samples were collected ; ✻: census sites 65% of all movements were within the same habitat. Of the inter-habitat movements, only 9% (3% of all movements) were greater than 150 m (maximum = 750 m), and only 6 movements (3% of all movements) involved sandy areas away from reefs. Tracts of sandy substrate several hundred meters wide separate the Palm group islands and the locations at either end of Orpheus Island joined by contiguous reef are separated by more than 6 km ( Fig. 1) . In light of the movement studies of Davies (1995) and Hilomen (1997) , and assuming that movement patterns at the Palm Island group are similar to those at the Lizard Island group, the Palm Island group locations were considered unlikely to experience extensive inter-mixing beyond settlement and therefore to represent distinct populations. The 2 island groups examined in this study are located in different regions of the GBR (Lizard Island group is at approximately 14°S; Palm Island group is at approximately 19°S) and on different continental shelf positions (Lizard Island group is a mid-shelf complex; Palm Island group is an inshore complex). This means that the 'between island groups' comparisons are confounded by spanning 2 different types of spatial scales. Therefore, comparisons are discussed in relative terms. In other words, differences in population biology are compared on the large versus small scale (i.e. between the island groups versus within the Palm Island group), but the large-scale patterns are not conclusively identified as strictly inter-regional or cross-shelf differences.
Each location was further divided into 3 sites for underwater visual censuses and these sites were divided into 3 reef zones. Reef zones corresponded to the reef flat, upper reef slope and deeper reef slope. Depths defining each zone differed between locations based upon local topography, but each zone within a site was restricted to a 2 m depth range with at least 2 m separating zones within each site. No depths exceeded 12 m. Sites within locations were approximately 250 m long and between 20 and 100 m wide depending upon the spacing of reef zones. This study therefore examined most aspects of population biology on 2 spatial scales: between the island groups (100s of km) and within the Palm Island group (10s of km or less). Additionally, density differences were examined on 2 smaller scales: among sites within each location (100s of m) and among reef zones within each site (10s of m).
Sampling methods, sample sizes and age determination. Specimens of Lutjanus carponotatus were collected by spear fishing on the reef slopes at each location. Fish were targeted as sighted, without preference based on body size, in order to collect as representative a sample as possible. Collections at the Palm Island group were made once per month over the course of 1 yr from April 1997 through March 1998. Collections at the Lizard Island group were made in October 1997 and supplemented with 18 additional specimens collected in April 1999. Fork length (FL) to the nearest mm and whole body weight to the nearest g were measured for each specimen. Sagittal otoliths were removed, cleaned in freshwater and ethanol, and stored for later analyses.
In this study, total mortality rate is the parameter with the lowest precision specific to sample size, requiring nearly 300 samples to reach a precision of 10%, but reaching 15% precision between 100 and 150 samples (Kritzer et al. 2001 ). Therefore, n = 100 fish was chosen as a cost-effective minimum sample size for each location. Final sample sizes for the 5 locations were 161 for Pelorus Island, 172 for northern Orpheus Island, 129 for southern Orpheus Island, 103 for Fantome Island and 136 for the Lizard Island group.
The age of each specimen was estimated in order to generate population age structures and age-based mortality and growth parameters. Annual formation of macroincrements in Lutjanus carponotatus otoliths has been validated (Cappo et al. 2000) . To determine whether more time-and cost-effective whole otolith readings could be used for any specimens, age estimates from sectioned otolith readings were compared with the deviation between whole and sectioned otolith readings for 251 specimens from this and other collections of L. carponotatus. This comparison was used to select a maximum age beyond which whole otolith readings were deemed unreliable. To best capitalize on the efficiency of whole readings and the accuracy of sectioned readings, whole readings were used for all specimens except those for which any of 3 independent whole readings was greater than the selected cut-off age (10 yr; see 'Results') or for which there was no agreement between at least 2 of the 3 independent whole otolith readings. If there was agreement between at least 2 out of 3 whole or sectioned readings, as appropriate, that value was taken as the age estimate. Ferreira & Russ (1994) describe the whole and sectioned otolith preparation and reading methods used herein.
Underwater visual censuses (UVC). Censuses were conducted at the Palm Island group locations in July 1999 and at the Lizard Island group in July 2000 to estimate densities and size structures. Plywood models resembling the silhouette of Lutjanus carponotatus and ranging in size from 110 to 360 mm FL were used to improve the estimation of fish sizes. Before censuses commenced at either island group, assistants laid out 4 lines of 5 to 10 models affixed to twine. The author swam along 1 line, assigned the models to 20 mm FL size classes, swam behind the line where actual lengths were labeled, and compared estimated and actual lengths. Using this comparison to correct biases, the next line was estimated. Censuses immediately followed this training at the Lizard Island group. This procedure was repeated using 2 lines of 8 models each prior to censuses at each Palm Island group location. Predicted model lengths were regressed against actual lengths for successive sets of 2 lines (pooled to achieve adequate sample size) with y-intercepts set at 0. The 95% confidence interval was calculated for each slope to assess its deviation from 1.
The census design consisted of three 50 × 5 m transects swum on SCUBA in each reef zone in each site within each location. The transect size was that recommended for large reef fish on the GBR by . Transects were swum roughly parallel to shore and spaced apart by at least 30 m within zones. While swimming at a slow pace and laying out the 50 m transect tape, all Lutjanus carponotatus observed within 2.5 m either side of the tape were counted and assigned to 20 mm FL size classes.
Population density and structure. Density estimates were compared between locations by a 3-factor analysis of variance (ANOVA), with fixed factors Location and Zone and random factor Site (nested within Location). Pairwise comparisons were then made among locations by Tukey's test. No arbitrary significance level was chosen for the density ANOVA or any statistical test because no meaningful criteria exist by which to select such a level (Johnson 1999) . Instead, statistical tests were used to discern degrees of variation in different traits on different scales rather than to make either/or, different/not different distinctions. However, to simplify presentation of the 10 distinct pairwise comparisons, only differences at the α = 0.05 level are reported.
Log-linear models were used to compare length frequency distributions between censused and collected samples for each location separately. The degree of difference between the 2 methods at each location was assessed on the basis of the likelihood-ratio chisquared statistic (l.r. χ 2 ) for the Method × Size Class interaction. Size and age structures of the collected samples were also compared between the locations using log-linear models based on the strength of the Location × Size Class and Location × Age Class interactions. In each test, size or age classes were pooled to achieve the recommendations of no zero values and no more than 20% of cells with values less than 5 (Zar 1984) . This resulted in 7 size classes for the betweenmethod comparisons (≤160 mm, 180 mm,…, 260 mm, ≥ 280 mm), and 9 size classes (≤140 mm, 160 mm,…, 280 mm, ≥ 300 mm) and 10 age classes (1, 2,…, 8, 9-10, ≥11) for the among-locations comparisons.
The Palm Island group samples were collected monthly over the course of 1 yr and the Lizard Island group samples were collected in October 1997 and supplemented in April 1999. This temporal spacing of sampling, though limited, has the potential to mask important aspects of the age structure by spreading single cohorts over 2 or more age classes. This possibility was examined by re-constructing age structures using fishes' likely ages at the start of the sampling period assuming annulus formation dates in August, September or October, as estimated for Lutjanus carponotatus and 9 congeneric lutjanids on the central GBR (Cappo et al. 2000) .
Mortality. Total instantaneous mortality rates, Z, were estimated for each location by age-based catch curves, which entail linear regression of natural logtransformed frequency on age (Ricker 1975) . Z is estimated as the absolute value of the regression slope. Catch curves were fitted from the modal age class through to the oldest age class that was preceded by no more than 2 consecutive 0 frequencies. Mortality rates were compared among locations by analysis of covariance (ANCOVA). Pairwise comparisons using Tukey's test (Zar 1984) were performed to discern the most important sources of strong differences detected by ANCOVA, and, again for purposes of presentation, differences at the α = 0.05 level are reported. Annual percentage survivorship, S, was estimated for each location as: S = 100 × exp(-Z ).
Somatic growth. The relationship between fork length, L, and whole body weight, W, was described by a power function of the form W L = a × L b . Somatic growth in length and weight were modeled using von Bertalanffy growth functions (VBGF),
, where L t and W t are length and weight at age t, L ∞ and W ∞ are the mean asymptotic length and weight, K is the growth coefficient specific to each model, and t 0 is the age at which a fish has hypothetical length or weight of 0.
A VBGF was fitted by nonlinear least-squares regression of fork length or whole body weight on age for each Palm Island group location and the Lizard Island group. Estimation of VBGF parameters can be sensitive to exclusion of younger and smaller fish (see Russ 1994 and Craig et al. 1997 for empirical examples), so a common t 0 of -0.049 yr estimated by analysis of early growth of Lutjanus carponotatus (Kritzer 2001 ) was used in all models. Growth parameters were compared by plotting 95% confidence regions of the parameters K and L ∞ (Kimura 1980) for each location and examining their degree of overlap.
Abundance and biomass. The GIS Section of the Great Barrier Reef Marine Park Authority provided coarse estimates (to the nearest km 2 ) of reef area at each location. These were used in conjunction with the demographic data to estimate absolute abundance, areaspecific biomass and overall biomass at each location.
Censuses at the Palm Island group locations were restricted largely to the sheltered sides of the islands while those at the Lizard Island group only included 1 exposed site (Fig. 1) . However, previous studies on the central (Newman et al. 1997 ) and northern ) GBR have found that Lutjanus carponotatus does not exhibit differences in density among habitats within reefs, so densities were assumed to be representative of the whole of each island. Abundance at each location was estimated as
the mean density and A is the reef area. Biomass was estimated by 2 methods. The first method employed the size structure observed in the collections with biomass estimated as:
where W is 50 g weight class midpoint, W max is the maximum observed weight class, p W is the proportion in weight class W, and N is the estimated abundance. The second method employed the mortality estimates to predict the age structure if recruitment were constant through time. Biomass was then estimated as:
where t is age class, p t is the proportion in age class t, and W t is weight at age t as predicted by the location's VBGF. The 75 g size class and age class 2 were chosen as the minima as these were the categories at which fish appeared to be fully recruited to the sampling gear and are approximately the size and age at maturity for Lutjanus carponotatus (Kritzer 2001) .
Estimates of these types are subject to numerous sources of error, specifically through estimates of reef area, density, growth, mortality and population structure. Despite the numerous sources of uncertainty, standard errors of the abundance and biomass estimates were determined as multiples of the standard errors of the density estimates, the population trait common to all of these measures of overall population size.
RESULTS

Validity of the UVC data
The size estimation training conducted in this study proved to be a quick and efficient means of reducing observer biases and suggested that reliable length estimates emerged from the UVC. After the first series of models was estimated at the Palm Island group (r 2 = 0.737), precision of the estimated model lengths was high (r 2 range: 0.882 to 0.947; mean: 0.925). Accuracy was also high, evidenced by estimated regression slopes that differed from 1 by at most 7.5% (range: 0.948 to 1.075; mean: 1.023) and 95% confidence intervals of the regression slopes that encompassed 1 in all but 1 instance. The 2 size estimation training sessions conducted at the Lizard Island group 1 yr later also showed this pattern of quick improvement of precision and accuracy after the initial series of models (r 2 = 0.820, then 0.952; slope = 0.886, then 1.007).
Preliminary examination of the UVC data revealed a pronounced shift in size structure from the reef flats onto the reef slopes at the Palm Island group (Fig. 2) . Mean fork length increased from 173 mm on the reef flats to 225 mm and 218 mm on the upper and deeper reef slopes, respectively. The modal size classes were 160 and 200 mm on the reef flats, in contrast to 240 mm for both reef slope strata. Size frequency distributions from all 3 zones overlapped, but the reef flat distribution did not extend beyond the 240 mm size class, while both the upper and deep reef slope distributions reached the 320 mm class. These results suggest that Lutjanus carponotatus change primary habitat as they move to larger size classes, a transition that has impor- Fowler 1987) . Consequently, reef flat data are excluded from subsequent analyses of densities and size structures as the focus was on adult biology.
Density
Estimates of Lutjanus carponotatus densities on the reef slopes at the 5 locations varied from a low of 0.44 fish per transect at the Lizard Island group to a high of 3.89 fish per transect at Fantome Island (Fig. 3) , a more than 8-fold difference. The difference between the mean density at the Lizard Island group and that for the Palm Island group as a whole (3.10 fish per transect) was approximately 7-fold. Within the Palm Island group, the extreme density estimates at Fantome Island and northern Orpheus Island (2.22 fish per transect) differed by less than 2-fold, but the lowest Palm Island group density at northern Orpheus Island was more than 5 times as great as that at the Lizard Island group (Fig. 3) . In contrast to these among-location patterns, density estimates for the upper and deeper reef slopes within each location were within 1 SE of one another for all locations except northern Orpheus Island (Fig. 3) . It was therefore not surprising that the strongest signal detected by ANOVA lay in the effect of the Location factor (Table 1) . Post-hoc comparisons suggested that pronounced differences exist between Pelorus Island and the Lizard Island group (df = 5, 10; q = 5.56; p < 0.025) and between Fantome Island and the Lizard Island group (df = 5, 10; q = 5.84; p < 0.025), but all other pairwise comparisons suggested small differences (all q < 3.57; all p > 0.1) ( Table 1) .
Although an order of magnitude difference exists between the mean number of fish per transect at the Lizard Island group and any of the Palm Island group locations, strong signals were only detected for 2 pairwise comparisons (Table 1) . Other aspects of the data suggest why stronger statistical results were not obtained despite the pronounced differences in mean densities. Generally low statistical power (Table 1) , coefficients of variation ranging from 75% to 116%, and broad standard errors (Fig. 3) all highlight the tremendous variability in the data. A useful future application of these density data might be to provide estimates of inherent variance and therefore to assist in better designing future sampling programs (Andrew & Mapstone 1987; e.g. Mapstone & Ayling 1998) . For example, the standard deviation, s, of a mean density estimate, x, can be used with a target precision level, P, in the equation n = (s/(x × P)) 2 to estimate the sample size, n, required to achieve that precision level. Using values for the pooled Palm Island group data (s = 2.94; x = 3.10), approximately 90 transects per location would be required to achieve P = 0.1, while only 22 transects would be required to achieve P = 0.2. While these are likely overestimates of required sample size because pooling the data inflates variance due to spatial variation among locations, 22 transects is close to the 18 transects per location (excluding reef flats) used in this study.
Comparison of size structures between methods and locations
Overall size structures were generally similar when estimated by UVC and collection of specimens at all (Table 2 ). Mean sizes differed little, although modal size classes were 1 size class greater in the UVC size structure for 3 of the 4 locations (Fig. 4, Table 2 ). This result might be explained by a tendency to overestimate fish sizes during UVC (i.e. regression slopes of training results are generally >1). The direction, but not the magnitude, of skew in each distribution was consistent between the methods, but there were discrepancies in kurtosis estimates at both Orpheus Island locations (Table 2) .
At the Palm Island group, Pelorus Island and northern Orpheus Island exhibited left-hand skew, while southern Orpheus Island and Fantome Island exhibited right-hand skew (Fig. 4 , Table 2 ). This pattern seemed to be driven in part by the length of the left-hand tail of each distribution, with the negatively skewed distributions extending to 2 smaller size classes than the positively skewed distributions (Fig. 4, Table 2 ). The Lizard Island group distribution was skewed similarly to southern Orpheus Island and Fantome Island (Table 2 ), but this was more likely due to larger modal and mean size classes, which were 20 and 60 mm greater, respectively, than the largest Palm Island group values (Fig. 4, Table 2 ). In fact, the Lizard Island group contained quite high proportions in the largest size classes (10.3% in size classes > 300 mm; Fig. 4 ). Pelorus Island shared this feature with the Lizard Island group but to a lesser extent (6.3% of collected samples and 9.1% of censused samples in size classes > 300 mm) compared with the rest of the Palm Island group (range: 0 to 2.9%; Fig. 4 ). These size structure differences among the 5 locations were clearly detected by log-linear models (Table 3) . The most likely cause of this pronounced result is the shift toward larger size classes at the Lizard Island group (Fig. 4, Table 2 ). Analysis of a submodel excluding the Lizard Island group confirmed that it was the main source of the detected differences, but revealed remaining differences within the Palm Island group (Table 3) . Further analyses suggested that this was driven by differences between Pelorus and Fantome Islands, given that sub-models excluding either indicated more similarity (Table 3) . Still, the submodel containing Pelorus Island and the Orpheus Island locations retained some suggestion of differences, likely due to a degree of dissimilarity between Pelorus Island and southern Orpheus Island (Table 3) .
Age determination
The mean deviation between whole and sectioned otolith readings was between 0 and -1 up to Sectioned Age 11 (Fig. 5) . Beamish (1979) and Ferreira & Russ (1994) similarly found that whole otolith readings seem to overestimate age of some younger specimens. However, Ferreira & Russ (1994) also note that the innermost annuli were often poorly defined in sectioned otoliths compared to whole otoliths. The first annulus in otolith sections of Lutjanus carponotatus was often faint and difficult to discern, which corroborates the findings of Ferreira & Russ (1994) and suggests that whole otolith readings might provide better age estimates for young fish. At older ages, the deviation between whole and sectioned otolith readings was generally > 0 and quickly diverged to values of 3 or more at the oldest age classes (Fig. 5 ). This pattern of rapid divergence after around 10 yr of age is similar to that reported by both Beamish (1979) and Ferreira & Russ (1994) . Given these results, a whole otolith reading of 10 was selected as the maximum beyond which otoliths were read sectioned.
Age structures and mortality
The Palm Island group locations all exhibited a pattern of exponential decline in age frequency with age beyond the mode of 2 yr, without marked peaks and troughs, up to a maximum age of 16 to 18 yr (Fig. 6) . The most prominent difference among the Palm Island group age structures was the strength of the modal age class, with Pelorus Island exhibiting a less pronounced mode than its neighbors (Fig. 6) . Age structures reconstructed with ages of specimens corrected to the start of the sampling regime did not alter the character of these distributions. In contrast, correcting the ages of the April 1999 Lizard Island group samples to their ages at the time of the initial October 1997 collection shifted the modal age class from Age 2 to Age 3. However, the difference was not great (proportions in the 2 age classes differed by at most 4% in either construction), so the ages were considered as enumerated. This difference, though minor, highlights both the need to consider timing of sampling when analyzing data and the difficulty of treating continuous variables such as age as discrete entities.
Other aspects of the Lizard Island group age structure were consistent regardless of whether the April : likelihood-ratio chi-squared statistic; p: probability of the data if taken from a single population Fig. 5 . Lutjanus carponotatus. Mean deviation (± 95% confidence interval) between age estimates from sectioned and whole otoliths against sectioned age estimates for 251 specimens 1999 specimens' ages were corrected to 1997 or taken as estimated. The maximum age was 17 yr, and age frequencies steadily declined from the mode until Age 7, similar to the Palm Island group locations (Fig. 6 ). However, a second mode was then encountered at Age 8, followed by high frequencies for Ages 9 through 11 (Fig. 6) . Consequently, log-linear models not surprisingly suggested large differences between age structures when all locations were included (df = 36, l.r. χ 2 = 93.15, p < 0.001), but not in a sub-model containing only Palm Island group locations (df = 27, l.r. χ 2 = 35.07, p = 0.14).
Estimates of total mortality rate, Z, ranged from 0.16 yr -1 at Fantome Island to 0.29 yr -1 at Pelorus Island (Fig. 7) , corresponding to 86 and 75% annual survivorship, respectively (Table 4) . ANCOVA suggested large differences in mortality between locations (df = 4,64, F = 4.04, p = 0.006). Multiple comparisons by Tukey's test suggested large differences between Fantome Island and all other Palm Island group locations, but not between Fantome Island and the Lizard Island group (Table 4) . Furthermore, Pelorus Island and the Lizard Island group were each similar to northern and southern Orpheus Island, but were quite different from one another ( Table 4 ). The strong cohorts from Ages 8 through 11 in the Lizard Island group age structure had the potential to pull the mortality curve upwards, thereby lowering the slope and underestimating mortality. However, somewhat unexpectedly, excluding these 4 age classes resulted in little change of mortality and survivorship estimates (Z estimates differed by 0.005; S estimates differed by 0.9%), but ); L ∞ : mean asymptotic fork length (mm); W ∞ : mean asymptotic whole body weight (g). Also presented are results of multiple comparisons among Z estimates by Tukey's test these age classes are likely the cause of the highest degree of variability in the Lizard Island group mortality estimate (Fig. 7) .
Somatic growth
The equation relating length to weight was
. This approximately cubic relationship did not differ in space and accounted for a great deal of the variance in weight (r 2 = 0.98). Growth curves for the Palm Island group locations and the Lizard Island group all exhibit the pronounced asymptote previously reported as characteristic of Lutjanus carponotatus (Davies 1995 , Newman et al. 2000 . The K-L ∞ 95% confidence regions for the Palm Island group locations span a similar range of values in the K direction (Fig. 8) . However, the Pelorus Island confidence region separates to some extent, though not completely, from the other Palm Island group locations with respect to L ∞ and spans a range of values similar to those spanned by the Lizard Island group (Fig. 8) .
The differences in L ∞ between the Lizard Island group, Pelorus Island and the rest of the Palm Island group, while quite clear (Fig. 8), are not large. The L ∞ estimate for the Lizard Island group is only 10.9% greater than the smallest value within the Palm Island group, Fantome Island, while the Pelorus Island estimate is only 6.3% greater (Table 4 ). However, due to the cubic relationship between length and weight, the differences become more pronounced when growth is examined in terms of weight. Although the degree of individual variability in size at age also drastically increases, even more distinct differences emerge in the K-W ∞ 95% confidence regions between Pelorus Island and the rest of the Palm Island group (Fig. 9) . The Pelorus Island confidence region is more similar to the Lizard Island group for growth in weight (Fig. 9 ) than for growth in length (Fig. 8) , and their asymptotic size estimates are 41.4 and 51.8% greater, respectively, than the Fantome Island estimate (Table 4) .
Abundance and biomass
The resolution of the GIS data did not allow reef area to be partitioned into reef slope and reef flat. Because adult population structures and demographic rates were used to calculate the measures of overall population size but the reef flats seem to be juvenile habitat more so than adult habitat (Fig. 2) , these figures are likely to be overestimates. However, reef flats are a small proportion of the total reef area at all locations so the extent of overestimation is likely not to be severe. Furthermore, the estimates still effectively serve to illustrate how population traits interact to determine overall population size and to enable relative comparisons among the locations irrespective of the degree of overestimation. Also, due to the similarity of their density (Fig. 3 Table 4 ) estimates, the 2 Orpheus Island locations' data were pooled to produce estimates of abundance and biomass for the Island as a whole. Estimates of these overall population size measures at all islands had large standard errors (Table 5 ) due to the variability in the density estimates (Fig. 3) on which the standard errors are based. The 2 methods used to generate these measures produced generally similar results. This is not surprising given that the population traits used in each method (i.e. population structure versus demographic rates) are alternative analyses of a common age-length data set. Still, the differences that did arise between the resulting estimates of biomass highlight important considerations when using either observed population structure or that predicted from demographic processes. For the 3 Palm Island group locations, the estimates based upon demographic processes were higher than those based upon observed size structures (Table 5 ). This might be explained by slight overestimation of body size at young age classes (i.e. many data points lying below the fitted VBGFs; Fig. 9 ) that comprise the bulk of the population (Fig. 6 ). In contrast, the Lizard Island group estimates generated using demographic processes were lower than those generated using observed size structures (Table 5 ). This is likely to be due to lack of consideration of the strong series of older age classes (Fig. 6 ) when using mean growth and mortality rates.
Abundance estimates were ordered according to reef area within the Palm Island group, but the relative differences did not approximate the differences in reef area due to the differing density estimates (Table 5, Fig. 3 ). In contrast, the Lizard Island group's estimated abundance was close to the lowest despite this location having the largest area of reef. The estimates suggest that numbers of fish at each island were of a similar order of magnitude (10 5 ). Adult biomass estimates at these islands ranged from 3 to 15 metric tons, again with the Palm Island group locations ordered according to reef area (Table 5 ). Assessing population size in terms of biomass reduced the disparity between the Lizard Island group and the Palm Island group locations relative to comparisons of density or abundance.
DISCUSSION
Spatial patterns in the population biology of Lutjanus carponotatus
All population traits of Lutjanus carponotatus examined in this study, barring longevity, exhibited some appreciable degree of difference between the 2 island groups, but differences in size structure, mortality and growth were also evident among proximal reefs within the Palm Island group. The smaller scale-differences in growth and associated differences in size structures are not surprising given that growth is the trait likely to be most responsive to differences in the immediate environment (Jones 1991) . In fact, on the GBR, other long-lived gonochores with a pronounced asymptote in their growth curve exhibit similar differences in asymptotic size among neighboring populations (Hart & Russ 1996 , while differences in growth rate have been found in small-bodied species on even smaller scales (Gladstone & Westoby 1988 , Pitcher 1992 . Unlike growth, the greatest differences in mortality were not found between the island groups but rather within the Palm Island group, as the Lizard Island group was similar to 3 of the 4 Palm Island group locations, but Fantome Island was different from its 3 neighbors. Mortality is inherently more difficult to estimate than growth (Jones 1991 , Kritzer et al. 2001 , which might result in apparent differences that are due to methodological and analytical difficulties and not real patterns. However, differences in mortality on relatively small spatial scales have also been reported for other reef fish species (Aldenhoven 1986 , but see Hart & Russ 1996) .
Despite the high amount of variability in the data, differences in mean density were of the greatest magnitude of any population trait examined. Mean densities differed by a factor of nearly 2 within the Palm Island group, but estimates were characterized by uncertainty that obscured the extent of local differences. Other studies suggest that Lutjanus carponotatus does not exhibit density differences between neighboring reefs on the central GBR (Newman et al. 1997 ) but does so on the northern GBR ). However, the differences between the island groups were more pronounced, with at least 2 of the Palm Island group locations showing striking differences from the Lizard Island group. This pattern is consistent with previously reported differences in L. carponotatus densities on spatial scales greater than neighboring reefs (Newman et al. 1997 ). Similar to the density patterns, the data suggest that recruitment patterns vary more widely between the island groups than they do on a local scale, assuming that population age structures retain some information about recruitment histories (Doherty & Fowler 1994 . 
Possible causes of the spatial patterns
Where in the early life history the age structure patterns originate cannot be discerned from the existing data. If recruitment to the reef (i.e. settlement of pelagic juveniles) occurs at levels well below the carrying capacity of juveniles, then the age structures reflect variation in larval supply. On the other hand, if larval supply at the Palm Island group locations is closer to the carrying capacity of new settlers, then fluctuations in recruitment to the reef will be smoothed, resulting in more regular recruitment to the adult population and age structures with fewer anomalous peaks and troughs, like those observed. Settlement rates of reef fishes are typically below the level at which density-dependent effects become important but can reach those levels at times (Doherty 2002) , so either scenario (less variable settlement rates or variable settlement rates smoothed by densitydependence) is possible for the Palm Island group. If juvenile carrying capacity and demographic rates are similar between the island groups, the adult density differences might suggest settlement rates at the Lizard Island group are generally lower and therefore density-dependent effects do not arise, whereas settlement rates are higher at the Palm Island group and density-dependent effects do arise. Of course, the age structure at the Lizard Island group might also be a product of temporal changes in adult mortality, juvenile mortality or juvenile carrying capacity.
Density-dependent effects on demography of coral reef fishes have been demonstrated, often for juveniles (e.g. Forrester 1995; reviewed by Jones 1991 and Doherty 2002) and less frequently for adults (reviewed by Jones 1991) . The data reported herein can be used in a preliminary examination of the potential for density-dependent effects. The 2 locations with the highest densities, Fantome Island and Pelorus Island, exhibited the lowest and highest mortality rates, respectively. The location with the lowest density, the Lizard Island group, exhibited the second-lowest mortality rate, which was quite similar to that of Fantome Island. Therefore, there is no suggestion that adult mortality is affected by density, a general trend among reef fish studies (Jones 1991) . On the other hand, the Lizard Island group has the lowest density and the largest asymptotic body size. Although Fantome Island has the highest density and the smallest asymptotic body size, Pelorus Island had a comparable density but the largest asymptotic body size among the Palm Island group locations. Therefore, density might affect adult growth (Jones 1991) , but the effects might only be evident when density differs by an order of magnitude or more. Of course, the limited number of locations and confounding environmental differences render these data useful only for generating hypotheses about density-dependence and not for testing hypotheses.
The confounding of inter-regional and cross-shelf spatial scales is an unfortunate shortcoming of the sampling design of this study. Data from inshore reefs on the northern GBR would share a common regional position with the Lizard Island group and a common continental shelf position with the Palm Island group, and therefore could help resolve this ambiguity. Differences in community structure on the GBR have been found to exist along both latitudinal and cross-shelf gradients, with patterns on the latter scale typically being more pronounced (Williams 1983) . Emerging data on fish growth examined at larger spatial scales suggest that differences akin to those observed for Lutjanus carponotatus are evident on both inter-regional (Williams 1997 ) and cross-shelf (Choat 1998 , Dudgeon et al. 2000 scales on the GBR. Caley (1995) found that predation pressure is greater on the northern GBR than the southern GBR, which resulted in lower abundance of fishes despite higher recruitment rates. If similar inter-regional differences in predation pressure exist between the northern and central GBR, this would explain the lower densities at the Lizard Island group. Higher predation rates could also explain the larger body sizes at the Lizard Island group if there is greater selective pressure to grow out of smaller and more vulnerable sizes.
Other studies on density , Newman et al. 1997 ) and growth (Newman et al. 2000) of Lutjanus carponotatus on mid-shelf reefs directly offshore from the Palm Island group report lower density and larger asymptotic body size akin to the Lizard Island group. This suggests that the present study might be detecting cross-shelf differences. If the largescale patterns are a consequence of different positions on the continental shelf, terrigenous influences might be producing the observed differences, particularly in growth. The Palm Island group sits directly offshore from the mouth of the Herbert River. Freshwater outflow from this river and the increased turbidity caused by transported sediments might impose physiological stresses that affect the growth potential of reef fishes. Turbidity has been shown to be an important determinant of growth potential in reef corals (Anthony & Fabricius 2000) , but no-one has looked for effects on reef fishes. Sweka & Hartman (2001) recently found that increased turbidity lead to higher and more energetically costly activity levels of brook trout Salvelinus fontinalis, which in turn lead to reduced growth rates. In fact, the Palm Island group location with the smallest asymptotic body size, Fantome Island, has an extensive mangrove system along its shore that causes heavy siltation on its reefs and increases the turbidity of nearby waters. Therefore, there is a consistent trend both within the Palm Island group and between it and the Lizard Island group of decreasing body sizes with increasing influence of terrestrial and riverine systems. If this hypothesized stress is having an influence, it does not appear to affect mortality and density.
Worldwide, fishing pressure has effected many and varied changes in many fish populations. Fishing can clearly increase mortality and decrease density, and can also alter growth patterns by selectively removing the largest individuals. Fishing does take place on the GBR, including these 2 island groups. Line fishing is permitted on part of the reef system at the Lizard Island group and at southern Orpheus Island. The rest of Orpheus Island is protected from all fishing. Both line and spear fishing are permitted at Pelorus and Fantome Islands. Although Lutjanus carponotatus is a harvested species, it is unlikely that fishing pressure is a direct determinant of these spatial patterns for 2 main reasons. Firstly, fishing pressure at the Lizard Island groups is quite low. The Lizard Island group is approximately 100 km from Cooktown, the nearest coastal town, which is beyond the range of many recreational fishers. Commercial fishers do not fish the Lizard Island group, likely due to the limited area of reef open to fishing, as well as the presence of a resort and research station and their associated human traffic. Secondly, although L. carponotatus is a harvested species, the extent of harvest is minimal. Like the Lizard Island group, commercial fishers do not fish the Palm Island group. The proximity of the islands to the mainland towns of Ingham and Cardwell attracts the recreational fishing fleet, but these fishers primarily target other species such as coral trouts of the genus Plectropomus, barramundi cod Cromileptes altivelis, maori wrasse Cheilinus undulatus, and larger lutjanids such as mangrove jack Lutjanus argentimaculatus. A study of the catch composition of recreational fishers on the central GBR (Higgs 1993) found that L. carponotatus only comprises less than 1% of the catch, despite being one of the most abundant predators, particularly on inshore reefs .
Fishing pressure might, however, be an indirect determinant of local differences in density within the Palm Island group. The aforementioned primary target species of recreational fishers are larger-bodied fishes and potential predators of both juvenile and adult Lutjanus carponotatus. Density estimates were highest at Pelorus and Fantome Islands, the 2 locations within the Palm group with the least protection from fishing. If populations of these larger predators have been diminished at these locations, L. carponotatus densities might be higher due to relaxation of predation pressure.
Possible consequences of the spatial patterns
The processes structuring coral reef fish populations are numerous and, when possible, single population traits should not be used to assess overall reproductive potential (e.g. . For example, the density estimate of Lutjanus carponotatus at Fantome Island was approximately 9 times that of the Lizard Island group. However, when body sizes are incorporated through data on growth or size structure, the area-specific biomass differences between these locations are 5-and 8-fold, respectively. Furthermore, when reef size is used to produce overall rather than area-specific estimates, the differences between the Lizard Island group and Fantome Island become less than 2-fold for both abundance and biomass. By all of these metrics, Fantome Island is estimated to support a larger population of L. carponotatus than the Lizard Island group, but the degree of this difference is clearly very different when considered in terms of density, abundance, area-specific biomass or overall biomass.
There is an emerging trend to view coral reef fish ecology within the context of metapopulation ecology. One of the first modeling studies that considered coral reef fish metapopulations (Man et al. 1995) assumed homogeneous demography among subpopulations. However, a more recent study (Crowder et al. 2000) has examined source-sink dynamics and therefore makes the more realistic assumption of demographic heterogeneity among subpopulations. While sourcesink distinctions are useful in theoretical studies like that of Crowder et al. (2000) , real subpopulations are more likely to fall along a gradient of reproductive capacity and contribution to overall replenishment (Thomas & Kunin 1999) . These characteristics will be determined by both the population biology of each subpopulation and its position within the connectivity matrix. Insufficient data exist with which to determine the latter for the Lutjanus carponotatus populations examined herein, but the present study can lend insights into reproductive potential. If whole islands are taken as the minimum unit defining a subpopulation, the abundance and biomass measures suggest that Orpheus Island is the most important source of egg production among the Palm Island group locations studied primarily due to its larger size. If, on the other hand, subpopulations are distinguished among portions of habitat within each island's reef system, Pelorus and Fantome Islands will provide more important sources due to their greater area-specific population size measures, assuming these are not a result of fishing pressure on potential predators of L. carponotatus. At present, some marine protected areas within the Palm Island group comprise entire islands and others are designated as portions of an island's reef system, so either perspective is useful in a management context.
Implications for choice of spatial scale
The results of this study highlight 3 main points with respect to the question of spatial scale in studies of reef fish population biology. Firstly, the magnitude of differences in population biology typically increases with increasing scale. Densities, size structures, age structures and inferred recruitment histories, and patterns of growth differed more between the 2 island groups than within the Palm Island group. Meekan et al. (2001) also recently found that all of the demographic traits they examined (growth, longevity, mortality, recruitment history) varied widely among several locations separated by 100s of km in the eastern Pacific. This pattern is intuitive and perhaps not surprising. A second point is not intuitively obvious. While a large spatial scale will often reveal large differences, differences over relatively small spatial scales can also be quite pronounced. This was shown in this study by the differences in asymptotic body sizes, particularly asymptotic weight, observed between Pelorus Island and the other Palm Island group locations. However, differences were not observed on either spatial scale for some traits. Longevity was similar among all 5 locations, as were ages and sizes at maturity between the 2 island groups (Kritzer 2001) . Preliminary data from the Northern Territory, Australia, suggest that size at maturity is again similar there, but longevity might be as short as 10 yr (Knuckey et al. 1996) . Thus, a final point is that the spatial scale on which differences will be observed will likely vary with the variable or process being examined. This means that within a defined area of interest, some population traits can be estimated to represent the whole of the area while others will need to be estimated for distinct components of the area. The challenge for reef fish ecologists will be determining the generality of multi-scale patterns, such those described herein, in order to determine which spatial scales can be used to characterize which population traits (Choat 1998).
Summary
Some population traits of Lutjanus carponotatus showed little variation on even large spatial scales (e.g. longevity), some varied on large scales but less so on smaller scales (e.g. age structure and density), some varied on large and, to a lesser degree, small scales (e.g. growth and size structure), and others exhibited patterns that did not consistently follow gradients of scale (e.g. mortality). The diversity of these spatial patterns highlights the fact that there is no single correct scale at which to study reef fish populations, but rather that the appropriate scale will vary with the question of interest (Sale 1998) . Many of the prominent ideas in coral reef fish ecology have been generated through work on small, site-attached species such as pomacentrids due to their numerical dominance and ease of collection and manipulation (Sale 1991) . Work on these species has laid the foundation of our understanding of how reef fish systems are structured, and has advanced ecology in general. Now there is a need to bring less easily studied larger-bodied taxa into the fold of reef fish ecology in order to assess which of the patterns and processes identified using smaller-bodied species apply (Roberts 1996) . Studies such as this can help meet this end, and therefore broaden our understanding of the dynamics of coral reef fish populations. 
